Pt and Rh in HCl solutions were separated by adsorption with strong basic resins (Diaion SA10A, Diaion SA20A, and Diaion PA308) in the HCl concentration range 0.15 mol/dm 3 . The molar ratio of Pt to Rh in the feed solution was fixed at 5 : 1, based on the composition of spent automobile catalysts. The resins used had selectivity for Pt over Rh, and the adsorptions of both metals were clearly affected by the acid concentration. Batch experiments indicated that it is possible to separate Pt from Rh at low acid concentrations with these resins; Diaion SA10A was the most effective. The feasibility of separation of Pt and Rh with Diaion SA10A was verified using continuous column experiments. The loaded Diaion SA10A resin was regenerated by elution with a mixture of HCl and thiourea.
Introduction
Platinum group metals (PGMs) are widely used in the petrochemical and automobile industries, because of their specific physical and chemical properties. In automobile catalysts, Pt and/or Pd are used to oxidize carbon monoxide and hydrocarbons, while Rh is used to reduce nitrogen oxides to nitrogen. 1) No substitute for Rh in the control of NO x emissions has yet been found.
2) The molar ratio of Pt to Rh in automobile catalysts is about 5 : 1.
The spent catalysts produced from the petrochemical and automobile industries are important secondary sources of PGMs. The concentrations of PGMs in spent automobile catalysts are generally higher than those in ore bodies. 3) In the hydrometallurgical treatment of spent catalysts, the valuable metals are first dissolved by leaching with chloride-based solutions. 4) Pd can be separated from chloride leaching solutions containing Pt, Pd and Rh using solvent extraction with kinds of extractants, among of which ¢-hydroxyoxime has been used in practice.
5) The separation of Pt and Rh in chloride solutions has been investigated using solvent extraction and ion exchange. 1, 611) One of the main properties of PGMs is their ability to form complexes with chloride ions in solution. The distribution of PGM species in aqueous solution is highly dependent on the acidity and chloride concentration. 12) In HCl solution, Pt predominantly exists as PtCl 6
2¹
, whereas Rh forms seven aquachloro complexes, from Rh(H 2 O) 6 3+ to RhCl 6 3¹ . 6) Rh is the most difficult PGM to extract, because of its complicated chemical properties in chloride solution. 7) It has been reported that the order of the tendency of PGM chloro complexes to form ion pairs with anionic exchangers is MCl 6 2¹ > MCl 4 2¹ º MCl 6
3¹
. 5) In this study, we investigated the optimum conditions for Pt and Rh separation from HCl solution using anionexchange resins such as Diaion SA10A, Diaion SA20A, and Diaion PA308. The effects of the acid and resin concentrations on the adsorptions of Pt and Rh on these resins were studied. The breakthrough curve for Pt on Diaion SA10A resin was obtained using column experiments. Continuous experiments were performed to verify the separation of Pt and Rh from HCl solution.
Experimental

Chemicals and resins
A feed solution containing Pt and Rh was prepared by dissolving PtCl 4 (Aldrich, 98%) and RhCl 3 ·4H 2 O (Aldrich, 99.9%) in distilled water. The concentrations of Pt and Rh were adjusted to 1 © 10 ¹3 and 2 © 10 ¹4 mol/dm 3 , respectively. The acidity was adjusted by adding HCl (Daejung, 35%). The elution solutions were prepared by dissolving NaCl, NaOH, NH 4 Cl, HNO 3 , Na 2 CO 3 , thiourea in distilled water. All of these chemicals were analytical pure grade.
Commercial resins, namely Diaion SA10A, Diaion SA20A, and Diaion PA308, were purchased from Mitsubishi Chemicals; their properties are shown in Table 1 . Diaion resins are strong basic anion exchangers with quaternary ammonium functional groups attached to a cross-linked polystyrene matrix. In the present study, the resins were used as received, without any treatment.
Ion-exchange procedure
Batch experiments were performed at 25°C in a shaker (VS-8480SF, Vision Scientific Co., Ltd.) in 100 cm 3 screw- 3 ) and resin in the concentration range 0.25 g/dm 3 were shaken for 24 h. After separation by filtration, the concentrations of metal ions in the solution were determined using ICP-OES (ICPS-7500, Shimadzu). The concentrations of metal ions loaded onto the resin were obtained by mass balance. Elution experiments were performed by mixing the loaded resin with eluents, using the same method.
A glass column (500 mm © 15 mm) was used in continuous experiments. The column was packed with resin (1 g). Throughout the entire operation, the temperature was controlled at 25°C using a water circulator bath (vs-1902WF, Vision Scientific Co., Ltd.) The flow direction of the feed/elution solution was downward and its flow rate was controlled at 1.2 cm 3 /min using a pump (QG20 lab pump, FMI). The effluent was divided into portions of desired volumes, and the concentrations of metal ions in each fraction were measured using ICPS-7500 (Shimadzu).
Results and Discussion
Batch experiments 3.1.1 Effects of acid and resin concentrations
Batch adsorption experiments using Diaion SA10A, Diaion SA20A, and Diaion PA308 resins were performed to separate Pt and Rh from HCl solutions. The concentrations of Pt and Rh were 1 © 10 ¹3 and 2 © 10 ¹4 mol/dm 3 , respectively. The concentration of HCl was varied from 0.1 to 5 mol/dm 3 . The resin concentration was varied from 0.2 to 5 g/dm 3 . The results are shown in Figs. 13. The loading behavior of each metal (Pt, Rh) was similar on all three resins. The loading percentage of Pt was much higher than that of Rh, and the Pt loading decreased with increasing HCl concentration from 0.1 to 5 mol/dm 3 . The Rh loading percentages on Diaion SA10A and Diaion SA20A were nearly zero (< 2 g/dm 3 ) in 0.1 mol/dm 3 HCl. On increasing the HCl concentration to 5 mol/dm 3 , a maximum Rh loading of 20% was obtained for all three resins in the studied resin concentration range. These results indicate that low acid concentrations favor Pt loading onto these resins, but suppress Rh loading. It is therefore possible to separate Pt and Rh by controlling the adsorption conditions.
The different dependences of the adsorption behavior of Pt and Rh on the acid concentration are due to the different distributions of Pt and Rh species in HCl solution. As discussed in the Introduction, in HCl solution, the predominant Pt species is PtCl 6 2¹ , whereas in the case of Rh, the types of species depend highly on the acid concentration. Rh forms seven aquachloro complexes, from Rh(H 2 O) 6 3+ to RhCl 6 3¹ . 6) The mole fraction of anionic species of Rh with high oxidation states increases with increasing of HCl concentration. 6) This agrees well with the loading behavior of Rh in the present study, i.e., the Rh loading increased with increasing HCl concentration.
When the concentration of HCl is ²1 mol/dm 3 , the predominant Rh species are RhCl 5 2¹ and RhCl 6
3¹
. The adsorption reactions of Pt and Rh on Diaion resins can be represented as follows:
The PtRh separation factor at 1 mol/dm 3 HCl solution as a function of resin concentration is shown in Fig. 4 . The separation factor increased with increasing resin concentration for all three resins. The order of the PtRh separation factors with the Diaion resins was Diaion SA10A > Diaion SA20A > Diaion PA308. The more effective performance of Diaion SA10A might be ascribed to the difference of their structures. As gel-type standard cross-linkage resins, Diaion SA10A has trimethyl ammonium groups which impart higher basicity than Diaion SA20A that has dimethylethanolamine groups. Diaion PA308 belongs to porous-type resin, its exchange capacity is lower than gel-type resin (Diaion SA10A) which has the same degree of cross-linkage. Diaion SA10A was therefore used to separate Pt and Rh in mixed chloride solutions in subsequent experiments.
Effects of Pt and Rh concentrations on metal
adsorption with Diaion SA10A The effects of the Pt and Rh concentrations on metal adsorption were investigated by varying the concentration of Pt from 1 © 10 ¹3 to 2 © 10 ¹3 mol/dm 3 . The molar ratio of Pt to Rh was kept at 5 : 1. For each experiment, the concentration of Diaion SA10A resin was fixed at 3 g/dm 3 , to ensure sufficient adsorption of Pt. The results are shown in Fig. 5 . Pt was completely loaded onto the resin in the studied concentration range, whereas the Rh percentage loading was lower than 8%. These results agree well with those shown in solution were varied, while keeping their molar ratio fixed at 5 : 1.
Elution experiments
Various agents, namely NaOH, NaCl, Na 2 CO 3 , NH 4 Cl, HNO 3 , thiourea, and a mixture of thiourea and HCl, were tested as elution agents for Pt and Rh recoveries from the loaded resins, and resin regeneration. The loaded resins were obtained by mixing the feed solution (20 mL) with HCl (1 mol/dm 3 ) and resin (3 g/dm 3 ). The adsorption and elution percentages for Pt and Rh are listed in Table 2 .
The results show that most of the Pt was loaded onto the Diaion resins, but the Rh loading percentages were lower than 10% for Diaion SA10A, and lower than 20% for Diaion SA20A and Diaion PA308. These results agree well with those in Figs. 13. In the elution experiments, the Pt elution percentages from the loaded Diaion SA10A resin using NaCl, Na 2 CO 3 , NH 4 Cl, and HNO 3 were lower than 5%, that with NaOH was 9.5%, and thiourea and a mixture of thiourea and HCl efficiently eluted Pt from the loaded Diaion SA10A resin. Thiourea, a mixture of thiourea and HCl, and NaOH were therefore further tested in metal elution from loaded Diaion SA20A and Diaion PA308 resins. In all cases, more than 95% of Pt was eluted from the loaded Diaion resins using thiourea. This can be explained using the hard and soft acid and base theory. 13) HCl in the solution maintains the acidity and suppresses hydrolysis of Pt ions. Addition of HCl in thiourea therefore favors elution of Pt from Diaion SA10A. This phenomenon was also observed in Pt stripping from loaded amines in our previous study.
14)
The elution reaction can be represented as 15 )
where RCl and Tu represent the chloride form of the Diaion SA10AP resin and thiourea, respectively.
Column experiments 3.2.1 Breakthrough curve
Continuous experiments using a column packed with Diaion SA10A resin (1 g) were performed to obtain the breakthrough curve for Pt on Diaion SA10A resin. A feed solution containing Pt (1 © 10 ¹3 mol/dm ) was continuously passed into the column at a flow rate of 1.2 mL/min. The effluent was divided into portions of 50 cm 3 (five bed volumes). The results are presented as the concentration fraction (C/C 0 , the concentration of a metal ion in the eluent to that in the feed solution) as a function of the bed volume number; the results are shown in Fig. 6 . Pt was completely loaded onto the resin up to the 250th bed volume, whereas most of the Rh remained in the effluent. The Pt breakthrough curve was obtained by flowing more feed solution into the column. The breakthrough curve can be used to calculate the height of a practical exchange plate, for the design and validation of mathematical models of the behavior of ion-exchange beds. 16) 
Separation of Pt and Rh in mixed chloride
solutions The batch experiments indicate that it is possible to separate Pt and Rh in mixed chloride solutions using Diaion SA10A resin, therefore continuous experiments were performed using a packed column containing resin (1 g). The feed solution (1 dm 3 ) was continuously passed into the column at a flow rate of 1.2 mL/min. The concentrations of Pt, Rh, and HCl in the feed solution were 1 © 10 ¹3 , 2 © 10 ¹4 , and 0.1 mol/dm 3 , respectively. Similar results with the first column experiment were obtained (not given in figure) . Pt was completely loaded onto the resin from the first bed volume, whereas after five bed volumes, most of the Rh in the feed solution remained in the effluent.
Elution with a mixture of thiourea (0.1 mol/dm 3 ) and HCl (0.1 mol/dm 3 ) was performed continuously using the obtained loaded column. The effluent was divided into portions of 20 cm 3 (two bed volumes). The concentrations of Pt and Rh in each sample were determined. The concentrations of Rh in the first two samples were 0.4 and 0.2 mg/dm 3 , respectively. The concentration of Rh in the remaining effluent was negligible. The cumulative elution of Pt as a function of the number of bed volumes is shown in Fig. 7 . The elution of Pt increased with increasing volume of thiourea and HCl mixture. The effluent collected after 50 bed volumes showed that more than 90% of the Pt was eluted from the loaded resin. Pt was nearly completely eluted after 85 bed volumes. Pt and Rh can therefore be completely separated by adsorption on Diaion SA10A resin followed by elution with a mixture of thiourea and HCl.
Conclusions
The possibility of separating Pt and Rh in mixed chloride solutions using Diaon SA10A, Diaion SA20A, and Diaion PA308 was investigated. The loading behaviors of each metal was similar on all three resins. Most of the Pt was loaded onto the Diaion resins in the HCl concentration range from 0.1 to 5 mol/dm 3 , but the Rh percentage loadings depended on the acid concentration, and were lower than 20%. Decreasing the HCl concentration favored Pt adsorption, but suppressed that of Rh. The highest PtRh separation factor was obtained using Diaion SA10A resin. Continuous column experiments showed that complete separation of Pt from Rh in mixed chloride solutions could be achieved in one step using 0.1 mol/dm 3 HCl and Diaion SA10A resin. A mixture of thiourea and HCl effectively eluted Pt from the loaded Diaion SA10A resin, and the resin was regenerated. Separation of Platinum(IV) and Rhodium(III) from Hydrochloric Acid Solutions Using Diaion Resins
